The R1162-encoded protein RepIB is essential for replication of the plasmid and binds specifically to iterons within the replicative origin. The protein causes the localized melting of DNA (determined by sensitivity to P1 nuclease) at a site within the AT-rich region of the origin, about 60 bp from the iteron binding sites and separated from them by a GC-rich tract. Point mutations have been isolated in the AT-rich DNA. These mutations interfere with origin activity and also prevent the protein-induced sensitivity to P1. A second-site suppressor of one of these mutations maps in the repIb gene and restores both origin function and sensitivity to P1. The results suggest a specific interaction between RepIB and origin DNA at a position distant from its primary binding site.
The replicative origin of the broad-host-range plasmid R1162 contains a set of direct repeats (iterons) and an adjacent tract of AT-rich DNA. These features are common to the origins of a variety of replicons in gram-negative bacteria (see, for example, references 5, 18, 22, and 25) . Experiments carried out mostly with the replicative origins of Escherichia coli (oriC) and bacteriophage lambda (oriA) indicate that the replicon-specific initiator proteins bind to the direct repeats and bring about the localized melting of the DNA helix in the AT-rich region (3, 24) . The melted region then serves as the entry point for a DNA helicase and for other proteins required for assembly and activity of the replication fork. The mechanism of localized melting is not understood: studies with oriX suggest that the melted region extends from the complex iteron-initiator protein structure (the 0-some), for at least 23 bp into the adjacent AT-rich segment (24) . One possibility is that the local destabilization of the helix at the 0-some results in a propagated wave of denaturation extending into the adjacent AT-rich segment (24) . In contrast, initial melting of the AT-rich DNA in oriC by DnaA protein occurs about 13 bp away from the nearest primary DnaA binding site (DnaA box [8] ) and within the closest of three 13-mer direct repeats (3) . These repeats, distinct from the DnaA boxes, nevertheless weakly bind DnaA initiator protein (26) . For oriC, then, the evidence suggests that the AT-rich DNA is recognized directly by DnaA protein, by a mechanism at least partially distinct from that involved in binding to the DnaA boxes.
The R1162-encoded RepIB protein (essentially identical to RepC protein of RSF1010) binds specifically to the 20-bp directly repeated DNA within the replicative origin (9; unpublished results). We show here that this protein is also able to cause the localized melting of AT-rich DNA within the origin, at a region about 60 bp from the direct repeats and separated from them by a GC-rich tract. Point mutations in the AT-rich DNA prevent this melting. One of these mutations is specifically suppressed by a second point mutation in repIb. The results suggest that RepIB interacts not only with * Corresponding author.
the direct repeats but also with the origin DNA at a second site to cause localized melting within the AT-rich region.
MATERIALS AND METHODS
Bacterial strains and plasmids. The E. coli K-12 strains used in this study are MV10 (thr leu lacY thi supE44 fhuA AtrpES), a derivative of C600 (10), GM1 [ara A(lac-pro) thilF' (lac pro) lacIl L8] (20) , and JG179 [thy rha lacZ (Am) Y14 str polA12 (Ts)] (21).
The origin of replication (oriV) of R1162 is located on two adjacent HpaII fragments (Fig. 1A) , one (210 bp) containing the initiation sites for replication and the other (370 bp) containing the essential AT-rich DNA and direct repeats (13, 15, 16) . The plasmids constructed for this study contain a modified oriV that consists of the 210-bp HpaII fragment linked to an additional 165 bp of DNA, the essential section of the 370-bp HpaII fragment (15) . The sequence of the 165-bp DNA fragment is shown in Fig. 1 . The two parts of the R1162 oriV were joined to small DNA fragments from pBR322 (2) to facilitate cloning and physical analysis. The presence of this additional DNA does not affect the activity of the origin (15, 16) . The structure of the modified oriV, with significant restriction enzyme cleavage sites, is shown in Fig. 
2.
The key plasmids containing the modified origin and used in this study are described in Table 1 (23) . Peak fractions were pooled, concentrated by means of an Amicon concentrator (YM10 membrane), dialyzed against 500 ml of buffer A plus 50% glycerol for 4 h at 4°C, and stored at -20°C. The final preparation (1 to 2 mg) was estimated by Coomassie staining of sodium dodecyl sulfate-polyacrylamide gels to be at least 95% pure.
Mutagenesis. Oligonucleotide-directed mutagenesis was carried out according to the method of Kunkel (14) except that the single-stranded phage DNA form of the pBS(-) derivative pUT992 was used for hybridization. Mutagenesis with nitrosoguanidine was done essentially as described by Miller (19) . A 100-ml sample of a mid-log-phase culture of MV10(pUT1054) was pelleted, washed twice in 10 ml of 0.1 M sodium citrate buffer (pH 5.5), and resuspended in 25 ml of the same buffer. Nitrosoguanidine was added (50 ,ug/ml, final concentration), and the cells were incubated at 37°C for 20 min. The cells were washed in 10 ml of 0.1 M potassium phosphate buffer (pH 7.0), resuspended in 10 ml of broth, and incubated at 37°C for 1.5 h. The culture was then transferred to 150 ml of broth containing kanamycin (25 ,ug/ml) and incubated overnight at 37°C. Finally, supercoiled plasmid DNA was prepared by the method of Marko et al. (17) .
Estimation of relative plasmid copy numbers. The relative copy numbers of plasmids were determined by autoradiography and densitometry. MV10 strains containing the test plasmid and the internal reference plasmid pBR322 were constructed. Plasmid DNA was extracted (17) from cells grown to mid-log phase, digested with EcoRI (which cleaves each plasmid once), and end labeled with DNA polymerase I Klenow fragment and [o-32P]dATP. Samples were serially diluted and applied to a 0.8% agarose gel. After electrophoresis, the gel was dried on DEAE-chromatography paper (DE-81; Whatman) and autoradiographed overnight at room temperature. The relative amount of each test plasmid DNA was determined by scanning densitometry, with a correction for the amount of reference plasmid present in each sample.
Assay for sensitivity to P1 nuclease. A 50-tLI reaction mixture containing 3 jxg (1 pmol) of supercoiled plasmid DNA (purified by CsCl-ethidium bromide centrifugation), 0.6 ,ug of purified RepIB protein, 40 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-KOH (pH 7.6), 8 mM magnesium acetate, 30% glycerol, 100 mM KCl, and 0.3 mg of bovine serum albumin per ml was incubated for 15 min at 30°C. P1 nuclease (1 U; in 30 mM potassium acetate, pH 4.8) was then added, and the mixture was incubated further for 10 min at 37°C. The reaction was stopped by the addition of EDTA to 20 mM. The DNA was precipitated with 2 volumes of ethanol and resuspended in 10 mM Tris-HCl buffer (pH 7.6) prior to digestion with different restriction enzymes. DNA products were analyzed on nondenaturing 5% polyacrylamide gels.
RESULTS
Point mutations within the AT-rich region of the R1162 replicative origin affect the activity of the origin. We cloned the modified R1162 origin DNA (Fig. 2) into the DNA polymerase I-dependent cloning vector pBS(-) (Stratagene, La Jolla, Calif.) to generate plasmid pUT992. When this plasmid was introduced into JG179 [polA(Ts)] containing the helper plasmid pUT860 (27) , which encodes the R1162 replication proteins, it was maintained at 42°C, the nonpermissive temperature ( pUT992 derivative with T-A-to-C G transition (by oligonucleotide mutagenesis) in oriV DNA at bp 22 (Fig. 1C) , to create NcoI site pUT1031 pUT992 derivative with G C-to-C G transversion (by oligonucleotide mutagenesis) in oriV DNA at bp 26 (Fig. 1C) , to create BsaBI site pUT1147 pUT1031 derivative with C G-to-T A suppressor mutation in oriV DNA at bp 26 (Fig. 1C)  pUT991 Similar to pUT992, but deleted of bp 1-57 by BAL 31 digestion (Fig. 1C ) (15) pUT1054 derivative with C G-to-T-A transition (by nitrosoguanidine mutagenesis) in oriV DNA at bp 26 (Fig. 1C) .
We constructed by oligonucleotide-directed mutagenesis two derivatives of pUT992 having point mutations in the AT-rich segment of the R1162 oriV DNA. One of these, pUT1001, contains a T. A-to-C G transition at bp 22, resulting in a new NcoI cleavage site; the other, pUT1031, contains a G-C-to-C G transversion at bp 26 to create a BsaBI site (Fig. 1) . Both plasmids were no longer maintained at 42°C in JG179(pUT860) ( Table 2 , lines 3 and 4). We conclude that a specific base sequence is required within the AT-rich region for proper functioning of the R1162 oriV DNA.
Although both the NcoI and BsaBI mutations clearly affected R1162 oriV activity, we nevertheless asked whether we could reconstruct R1162 replicons, lacking the pBS(-) vector portion, with the mutated oriVs. R1162 oriV DNA fragments derived from pUT992 and from the pUT992 derivatives pUT1001 (NcoI) and pUT1031 (BsaBI) were ligated with a DNA fragment containing the R1162 Rep genes and a second DNA fragment encoding kanamycin resistance The DNAs were linearized by digestion with EcoRI and then end labeled and visualized by agarose gel electrophoresis and autoradiography. In each case, three samples in the relative amounts 4:2:1 were applied to the gel. DNA was prepared from strains containing pBR322 and either pUT1053 (lanes a, e, and i), pUT1054 (lanes b, f, and j), pUT1088 (lanes c, g, and k), or pUT1089 (lanes d, h, and 1).
(Km') for selection ( Table 1) . As expected, we obtained a plasmid with the pUT992 origin (pUT1053), whereas no plasmids with the oriV (NcoI) fragment were obtained. However, an R1162 replicon with the oriV (BsaBI) fragment was also constructed (pUT1054). This plasmid had a substantially lower copy number, about 20% of that of pUT1053, the plasmid with the unmutated origin ( Fig. 3 ; compare lanes b, f, and j with lanes a, e, and i). Thus, although the BsaBI mutation was disabling, it did not completely abolish oriV activity.
A second-site suppressor of the BsaBI point mutation maps in the replb gene. We searched for second-site suppressors of the BsaBI mutation in the R1162 replicon pUT1054 in order to characterize sequence requirements within the AT-rich segment and to identify any genes required for the activity of this segment. The strategy was first to screen for pUT1054 derivatives conferring higher levels of neomycin resistance (encoded by the Kmr gene) and then to identify which of these have higher copy numbers (7). pUT1054 plasmid DNA was prepared from a culture mutagenized with nitrosoguanidine and then introduced into MV10. Transformed colonies (selected for Kmi) were screened for growth on medium containing neomycin (2,000 jig/ml), which inhibits the growth of MV1O(pUT1054). We obtained 36 colonies able to grow on this medium, and seven of these colonies contained plasmids that had higher copy numbers than pUT1054. The base sequence of the 165-bp R1162 oriV DNA fragment, which contains the original mutation in pUT1054 (Fig. 1) , was determined for the plasmid DNA from each of the seven colonies. Plasmid DNA from one of the colonies contained an R1162 oriV fragment with only the original BsaBI mutation. This plasmid was designated pUT1088. The other colonies had plasmids with a C G-to-T. A transition at bp 26, the site of the original mutation (Fig. 1) . The higher copy number of pUT1088, and also that of pUT1089, one of the plasmids with the C G-to-A T mutation at bp 26, is shown in Fig. 3 (lanes c, g, and k and lanes d, h, and 1, respectively) .
We mapped the location of the suppressing mutation in pUT1088 by carrying out the series of fragment-swapping experiments outlined in Fig. 4 . When the R1162 replication genes of pUT1054, the plasmid with the BsaBI mutation, were replaced by those of pUT1088, the derivative with the suppressor, both the level of neomycin resistance and the plasmid copy number were increased (Fig. 4, line 1 ). Additional fragment exchanges (lines 2 to 7) localized the suppressor mutation to between 1.1 and 1.7 kb on the R1162 plasmid map. This places the suppressor mutation within repIb, one of the R1162 genes required for replication. The base sequence of this gene has been determined (unpublished result). The sequence of the suppressing fragment reveals a single G * C-to-A T base pair change in the codon 187 of the gene, resulting in a change of glycine to serine in the polypeptide. Reciprocal exchanges with this fragment (Fig. 4, lines 7 showed that the single mutation in the AT-rich region of this plasmid was also sufficient for suppression.
The NcoI and BsaBI mutations in R1162 onV interfere with localized melting induced by bound RepIB initiator protein.
RepIB protein binds specifically to the three and one-half direct repeats within R1162 oriV and is therefore likely to be analogous to DnaA protein (E. coli chromosome replication) and to 0 protein (bacteriophage X replication). Assaying for sensitivity to P1 nuclease reveals that, like these proteins, RepIB causes localized melting within the origin. When pUT992 supercoiled DNA was incubated with RepIB protein and then digested with P1 nuclease and EcoRI (which cleaves the plasmid once), a distinct DNA band of approximately 450 bp was observed after polyacrylamide gel electrophoresis (Fig. 5, lane c) . When the DNA-RepIB complex was digested with P1 nuclease and then singly cleaved with BamHI instead of EcoRI, an approximately 350-bp band, as well as a much larger band, was generated (lane d). The 350-and 450-bp bands were not observed if prior incubation with RepIB was omitted, although the large BamHI fragment was still present (lanes a and b) . These results demonstrate that incubation with RepIB protein results in a region of DNA sensitive to P1 nuclease. The sizes of the fragments produced after digestion with P1 nuclease and BamHI or EcoRI indicate that the sensitive region induced by RepIB is located within R1162 oriV (Fig. 2) . The reason for the additional region of sensitivity to P1 nuclease, revealed by the large fragment in Fig. 5 (lanes b and d) , is not known, but in any case this sensitivity is not dependent on prior incubation with RepIB.
In contrast to pUT992, plasmids pUT1001 and pUT1031, the derivatives with the NcoI and BsaBI mutations, remained insensitive to specific cleavage by P1 nuclease after incubation of the DNA with RepIB protein, since no diagnostic 350-bp fragment was generated following cleavage with BamHI (Fig. 6, lanes b and c) . It is therefore likely that these mutations affect oriV activity by interfering with the localized melting detected by the P1 nuclease assay. The result with the pUT1031 derivative pUT1147, which has a C G-to-T. A 173, 1991 small region of oriV sensitive to digestion by P1 nuclease and that this region must therefore be within the AT-rich segment of the origin.
The suppressing RepIB protein restores localized melting of the AT-rich DNA at the site of the BsaBI mutation. A mutation in the R1162 repIb gene suppresses the BsaBI mutation in the AT-rich region of R1162 oriV. This suppression could be direct, with the altered RepIB protein now causing melting at the site of the mutation, or it could occur by some indirect mechanism. In the latter case, for example, tighter binding of the protein to the direct repeats might stabilize the initiation complex, allowing a greater chance for successful entry of replication proteins at the defective (although not completely inactive) AT-rich origin segment. However, when pUT1031 DNA was incubated with the suppressing RepIB protein, it became sensitive to P1 nuclease (Fig. 6, lane g) . These results indicate that the suppressing RepIB protein directly reverses the effect of the BsaBI mutation and causes melting of the AT-rich region. This protein was also active on the unmutated AT-rich region in pUT992 (Fig. 6 , lane e) as well as on DNA containing the C * G-to-T. A suppressor mutation at bp 26 (pUT1147; Fig.  6 , lane h).
The suppressing RepIB is not providing a general bypass to the BsaBI mutation, for example by melting the DNA at a new and distant location, since it failed to cause melting of AT-rich DNA containing the NcoI mutation (Fig. 6, lane f) . In addition, the location of the melted region within the AT-rich DNA is not substantially altered by the suppressing protein. Incubation of pUT1031 DNA with suppressing RepIB, followed by P1 nuclease digestion and cleavage with HindIll or NheI, resulted in fragments indistinguishable in size from those obtained following incubation of pUT992 with normal RepIB (Fig. 7; compare lanes e and f with lanes c and d). Our results indicate that RepIB protein specifically suppresses the BsaBI mutation by restoring the proper localized melting of the AT DNA at the BsaBI cleavage site.
DISCUSSION
RepIB binds strongly to the direct repeats in the R1162 origin of replication (9; unpublished results) and also brings about the localized melting of DNA at a second site approximately 60 bp away, within the AT-rich region. The mechanism of melting is probably different than for the A origin, which is thought to involve a propagated disturbance along the helix, from the primary iteron binding site to the adjacent AT-rich region (24) . In the case of R1162, it is difficult to envision a propagated disturbance that could cause melting at a distinct site 60 bp from the direct repeats. It is much more likely that RepIB interacts directly with the origin DNA at a second location. This could be at the site of the induced melting, as observed for binding of DnaA protein within the AT-rich region of oriC (3). Alternatively, the protein could bind to another site, bending the helix and causing a localized deformation. This second possibility seems unlikely, since in our plasmids the reconstructed origin contains a tract of pBR322 DNA adjacent to the AT-rich region (Fig. 2) . Thus, the location of the secondary RepIB binding site required for looping of the DNA would be changed. In addition, the binding of RepIB and RepC to secondary sites in the origin or elsewhere must be weak, because they are not detectable by the gel retardation assay (9; unpublished results).
None of the R1162 DNA present in our plasmids has substantial sequence similarity to the direct repeats, and therefore the interaction at the AT-rich region or elsewhere probably involves a different domain of the RepIB protein. This view is supported by the location of the suppressing mutation (1.34 kb on the R1162 map; Fig. 1 ), which is at a different location than repIb mutations that affect binding to the iteron. These mutations, which will be described elsewhere, are located closer to the amino-terminal coding region of the gene, at 1.56, 1.59, and 1.83 kb.
The binding sites of DnaA protein within the AT-rich region of oriC consist of three 13-mer repeats (26) . There are two 10-bp direct repeats in the AT-rich region of the R1162 origin (Fig. 1C, dashed boxes) that may be functionally analogous to the oriC 13-mers. The inactivating NcoI mutation lies between the two repeats, and therefore properly located and spaced repeats in the AT-rich region are not sufficient for melting of the DNA. The 10-bp repeats have no sequence similarity to the 13-mers in oriC or to the direct repeats in the AT-rich regions of other replicons (4) .
A GC-rich tract of DNA lies between the R1162 iterons and the melted segment and could form a loop in the oriV-RepIB complex. For R1162, initiation of DNA synthesis occurs at two sites (designated ori in Fig. 1 ). Each ori is the initiation site for a single DNA strand (16, 27) and, in single-stranded form, is recognized by the plasmid-encoded primase (11) . It is likely that the helicase migrates toward these two sites and activates them by generating transient single strandedness. The helicase might be able to bind to either of the locally melted DNA strands and therefore could be capable of migrating in either direction. The GC-rich segment between the direct repeats and the melted region might then act to inhibit opening of the helix toward the direct repeats. Migration of the helicase could then occur only on one strand, and in the proper direction, toward the initiation sites.
